The contemporary genetic structure of animal populations is sculpted by past events, including demographic bottlenecks and expansions and movement of animals by humans. In an analysis of microsatellite DNA of black bears (Ursus americanus; n 5 540) across California, we discovered distinct population structure and genetic evidence of 2 historic colonization events. First, genotypes of bears sampled in southern California are most related to those from the Yosemite National Park region and not with spatially intervening populations. Historical records recount the translocation of 28 black bears from the Yosemite National Park area of the central Sierra Nevada to the San Bernardino Mountains in southern California in the 1930s. Second, before colonization of California by Europeans, the Central Coast region was inhabited by the now extinct California grizzly bear (Ursus arctos californiensis), but not black bears. Following an apparent competitive release and range expansion during the past century, black bears now inhabit the Central Coast region of California. Black bears in California's Central Coast display lower genetic diversity (founder effect) and a genetic signature most closely allied with black bears from the southern Sierra Nevada. In both these cases, molecular genetic techniques allowed historical reconstruction of anthropogenic events leading to changes in animal distributions.
Mammals that are highly vagile are expected to display high gene flow and little population structure across the landscape (Wayne and Koepfli 1996) . However, genetic differentiation can result from variation in gene flow associated not only with geographic barriers (Ernest et al. 2003; Keyghobadi et al. 1999; Sacks et al. 2004 ), but also habitat associations (Sacks et al. 2005) , and animal aggregations and movements due to social dynamics (Tiedemann et al. 2000) . Increasingly important to assess in highly impacted regions such as California are influences of anthropogenic factors on population genetic diversity and structure (Riley et al. 2006) . Elucidating factors influencing gene flow in wildlife populations at the landscape level is important for an understanding of demography and for effective management (Storfer et al. 2007) .
Distinct geographic boundaries within California have resulted in diverse ecotones and bioregions (Lapointe and Rissler 2005) , including the vast Sacramento-San Joaquin Central Valley, and the Sierra Nevada, a range of mountains that runs north-south across much of the state. Studies in a number of taxonomic groups (birds, plants, insects, mammals, reptiles, and amphibians) with continuous distributions show population genetic substructure, as dissected by the Transverse Ranges, the Coast Ranges, and the Sierra Nevada (Calsbeek et al. 2003; Ernest et al. 2003; Feldman and Spicer 2006; Hull et al. 2008; Lapointe and Rissler 2005; Rissler et al. 2006) .
The range of black bear (Ursus americanus) in California encompasses a variety of habitats distributed across multiple distinct bioregions. An estimated 30,000 black bears inhabit around 135,000 km 2 of montane hardwood, chaparral, and mixed conifer forests in California (California Department of Fish and Game 1998) . Black bears occupy the northern Coast Range, Cascades, Sierra Nevada, Transverse Ranges, southern California Ranges, and the Central Coast. The only habitats that exclude viable black bear populations are the highly agricultural Central Valley and the Mojave Desert. Black bears in western North America have average home ranges of 119 km 2 for males and 49 km 2 for females (Amstrup and Beecham 1976) , with males dispersing and females typically remaining in natal habitat (Elowe and Dodge 1989; Schwartz and Franzman 1992) . The range of black bears expanded into the Central Coast and southern California regions, areas previously inhabited by the competitively dominant California grizzly bear (Ursus arctos californicus- Grinnell et al. 1937; Storer and Tevis 1996) .
To date there has been no comprehensive analysis of the population genetics of black bears in California. Research examining the genetic structure of black bear populations elsewhere in North America has generally revealed isolation by distance with additional structure in response to habitat fragmentation (Dixon et al. 2007; Onorato et al. 2004; Triant et al. 2004) , metapopulation dynamics (Onorato et al. 2007) , and geographic barriers (Peacock et al. 2007) .
Our goal was to use knowledge of the geography of California and the distribution of black bear habitat to evaluate population structure and patterns of genetic diversity using data from analyses of microsatellite DNA. This study will help delineate distinct populations of black bears in California based on genetic similarity, while also determining the source pool(s) for newly colonized regions and translocated individuals. We hypothesized that nonsuitable habitat for black bears (Central Valley, San Francisco/Bay-Delta, and the Los Angeles basin) would hinder gene flow; if descendents from the historical translocation were present and reproducing, the San Bernardino and San Gabriel mountains would display genetic similarity to the contemporary Sierra Nevada population; and genetic signatures of the Central Coast bears would indicate likely source population(s).
MATERIALS AND METHODS
Sampling and DNA extraction.-Black bear samples (n 5 540; females 5 202, males 5 328, unknown sex 5 10) from across the range of the species in California were collected by collaborators, hunters, and researchers in 1990, 1995, 2000, and 2002-2004 (Fig. 1) . Animal care and use guidelines were in compliance with the American Society of Mammalogists (Gannon et al. 2007) . Location data reported by hunters or researchers were identified in the program TOPO! (National Geographic maps, National Geographic Society, Hanover, Pennsylvania), and latitudes and longitudes were recorded. Sample locations were plotted with ArcGIS 3.1 (Environmental Systems Research Institute, Redlands, California). Known relatives (sibling cubs or cubs associated with a female bear) were excluded from the analysis. DNA was extracted from dried gum tissue and muscle of bears using a Qiagen DNeasy 96 well extraction kit (Qiagen Inc., Valencia, California). Samples were stored at 280uC until extracted, and DNA was stored at 220uC.
Microsatellite typing.-The following 13 microsatellites from previously published studies of American black bears, Asiatic black bears (Ursus thibetanus), and brown bears (Ursus arctos) were optimized in multiplex panels: G1D, G1A, G10B, and G10L (Paetkau and Strobeck 1994) ; G10P, G10X, and G10C (Paetkau et al. 1995) ; UarMU59 and UarMU50 (Taberlet et al. 1997 ); G10J, G10, and G10H (Paetkau et al. 1998); and MSUT-8 (Kitahara et al. 2000) . Two DNA polymerase chain reaction multiplexes of 6 loci each, and a reaction containing a single marker (MSUT-8) were utilized. All reactions were performed in ABI 3700 thermal cyclers (Applied Biosystems, Foster City, California) under the following thermal profile: 95uC for 2 min, followed by 33 cycles of 92uC for 30 s, 56uC for 30 s, 72uC for 1 min, with a final elongation step of 72uC for 30 min. The thermal profile for MSUT-8 was as follows: 95uC for 2 min, followed by 33 cycles of 92uC for 30 s, 53uC for 30 s, 72uC for 1 min, with a final elongation step of 72uC for 30 min. Forward primers were fluorescently labeled (6FAM, NED, VIC, and PET; Applied Biosystems). The reverse primer for MSUT-8 (AB040113) had a pig-tail (gttctt) added to the 59 end to reduce stutter (Brownstein et al. 1996) . The total polymerase chain reaction volume was 12 ml, including; 4.76 ml H 2 O, 0.2 mM each of deoxynucleoside triphosphates (Fisher Scientific, Pittsburgh, Pennsylvania), 1.5 mM MgCl 2 , 0.02 U Platinum Taq polymerase (Invitrogen, Carlsbad, California), 1X Platinum Taq PCR Buffer (Invitrogen), primer concentrations varied from 0.25 ml to 0.50 ml per reaction, and 1 ml DNA. Polymerase chain reaction products were visualized on an ABI 3730 automated sequencer (Applied Biosystems) with an internal size standard, GeneScan 500 LIZ (Applied Biosystems). Alleles were scored using the program STRand version 2.3.69 (Toonen and Hughes 2001) .
Analysis of microsatellite data.-Data input files were created with Microsatellite Toolkit 3.1 (Park 2001) and CONVERT 1.31 (Glaubitz 2004) . Microsatellite Toolkit was used to calculate expected heterozygosity (H E ) and observed heterozygosity (H O ), allele frequencies, and diversity statistics. GENEPOP version 3.4 (Raymond and Rousset 1995) was used to test for departures from genotypic linkage equilibrium and used the probability test for Hardy-Weinberg equilibrium on the entire data set. Default settings were kept for both Hardy-Weinberg equilibrium (option 1, suboption 3) and linkage equilibrium (option 2, suboption 1). Tests for linkage equilibrium and Hardy-Weinberg equilibrium were adjusted for multiple comparisons using the Bonferroni correction (Rice 1989) .
Genetic structure.-Clusters of genetically similar black bears in the state were defined using the software STRUC-TURE version 2.1 (Pritchard et al. 2000) , a model-based clustering method that groups individuals into clusters based on genotype without consideration of sampling geography. STRUCTURE was used to describe population groups and reveal patterns of genetic connectivity across the state. Nine independent runs of K 5 1-20, where K denotes number of clusters, were performed at 500,000 Markov chain Monte Carlo repetitions and a burn-in period of 250,000. The admixture model of the program was used because of the expectation of high gene flow. The final K was chosen that best fit the data (denoted as X), by plotting the negative ln Pr(X|K) versus K (K 5 1-20) and then further assessing the K that did not sacrifice substantial explanatory power (Pritchard and Wen 2002; Waples and Gaggiotti 2006) . The ln Pr(X|K) versus K provides an estimate of the actual number of clusters, but it should only be considered as an ad hoc guide to the correct value of K (Pritchard et al. 2000) . Population clusters for the determined value of K were then overlain on a geographic information system map of California to aid in this process. Populations were designated based on geographic features in the region. Once Bayesian genetic clusters were determined, each group was tested for Hardy-Weinberg equilibrium and linkage equilibrium in a similar manner as the global data set, with a Bonferroni correction to account for locus by population interactions.
Microsatellite Toolkit was used to calculate H E and H O , allele frequencies, and diversity statistics of each genetic cluster. Allelic richness (A r ) was determined via FSTAT version 2.9.3 (Goudet 2001) . A r detects the allele count based on a corrected sample size (Petit et al. 1998 ). The degree of genetic differentiation between each population was assessed through pairwise estimates of F ST in Arlequin 3.11 (Excoffier et al. 2005 ). Some microsatellite-based studies have used R ST instead of F ST ; however, evidence suggests that R ST may not be as robust in comparison to F ST (Balloux and Goudet 2002; Gaggiotti et al. 1999) .
To further assess genetic structure among black bears in the Sierra Nevada, we used analysis of isolation by distance between individuals and analysis of spatial autocorrelation. Tests of isolation by distance between populations were performed using partial correlations of pairwise distance matrices of the putative populations, using a Mantel test within the ISOLDE suboption in GENEPOP. Genetic distance was expressed as F ST /(1 2 F ST ), and geographic distance was expressed in kilometers. Geographic distance was determined by calculating the shortest (straight-line) distance through black bear habitat between the centers of each population. The genetic distance matrix was created in GENEPOP using F ST . Isolation by distance between individuals (total, and in the Sierra Nevada as a separate analysis) was tested by a Mantel test in the program Alleles In Space (Miller 2005) . Spatial autocorrelation analysis also was performed in Alleles In Space to investigate the correlation between genetic and geographic distance (by comparing an individual in one geographic class to all other distance classes) and to determine the inflection point between lower and higher than average correlation (Miller et al. 2006) . The frequency of individuals with identical genotypes was calculated and compared to the other distance classes. Analysis was performed with 5,000 replicates over 10 distance classes (i.e., 0-82 km, 82-165 km, etc., to 826 km) to identify distance classes where genetic distances were significantly different from the null hypothesis (i.e., no correlation).
We used assignment tests to determine the likelihood an individual belonged to the source populations identified by the STRUCTURE analysis for southern California (n 5 17) and Central Coast individuals (n 5 15). Assignment tests were performed via GENECLASS2 (Piry et al. 2004) , using the partial Bayesian approach of Rannala and Mountain (1997) .
RESULTS
Characteristics of microsatellite loci.-All 13 loci were polymorphic, with an average of 8.3 alleles/locus (range: 3-16 alleles/locus). H O (0.53) was within the range reported for populations of black bears from other regions of North America (0.36-0.81- Clarke et al. 2001; Paetkau et al. 1998; Paetkau and Strobeck 1994) , and did not significantly differ from H E (0.58).
Hardy-Weinberg and linkage disequilibrium.-When considering all individuals as 1 population, 8 of 13 markers departed from expectations of Hardy-Weinberg equilibrium (Bonferroni-corrected level of significance of P 5 0.001). One locus, G10C, was removed from the data set because it departed from expectations of Hardy-Weinberg equilibrium and linkage equilibrium in all populations and comparisons.
Linkage equilibrium tests revealed disequilibrium at 22 of 66 comparisons when all individuals were considered as 1 population, with a Bonferroni correction of P 5 0.0008, thus suggesting the presence of geographical population structure.
Analysis of population structure.-Bayesian genetic clustering analysis (Pr(X|K)) was examined for K 5 1-20 and revealed a range of potential populations. Only K 5 1-7 are shown here, because after K 5 7 the values plateau (Fig. 2) . The value K 5 4 had greatest explanatory power based on likelihood of K reaching maximal value at K 5 4. This provides evidence that black bears in California are separated into 4 population genetic groups (Fig. 3A) partitioned according to geography: North Coast/Klamath (NC/K), Cascade/northern Sierra Nevada (C/NS), central Sierra Nevada/southern California (CS/SC), and southern Sierra Nevada/Central Coast (SS/CC). Additionally, at K 5 4, the population clusters displayed metrics closer to Hardy-Weinberg and linkage equilibria than at other values of K. Very similar geographic substructure was evident when analyzed on a subset of 323 individuals that had a probability of assignment at !70%. However, K 5 3 also provided a plausible population subdivision when visualized on the geographic information system map.
Microsatellite genetic diversity within clusters.-Heterozygosities for each genetic grouping (Table 1) The average number of alleles per population ranged from 4.5 (southern Sierra Nevada/Central Coast) to 9.2 (North Coast/Klamath). Samples from southern California and the Central Coast were analyzed separately to determine if these geographically disjunct populations had lower genetic diversity than their probable source populations (Table 2) .
Population sizes among the 4 major groups and geographically disjunct groups (Central Coast and southern California) ranged from n 5 17 to 167; however, because of missing alleles at 1 locus, A r was estimated to a standard population size of n 5 12. A r ranged from 5.4 (North Coast/Klamath) to 2.9 (southern California subset). The North Coast/Klamath displayed significantly higher A r than the southern Sierra Nevada/ Central Coast (P 5 0.02), central Sierra Nevada/southern California (P 5 0.05), Central Coast (P 5 0.02), and southern California (P 5 0.02).
We then analyzed the probability of population structure with K 5 2, 3, 4, and 5. Tests revealed that K of 2, 3, and 4 departed from Hardy-Weinberg equilibrium for 3, 4, and 1 locus, respectively. Tests showed that at a K of 2, 3, and 4 there were 2, 0, and 2 pairs, respectively, departing from linkage equilibrium. These results lend support to either K 5 3 or K 5 4, because these population groupings have the fewest loci out of linkage equilibrium and Hardy-Weinberg equilibrium. Table 2 ). Tests of isolation by distance between all putative clusters revealed a positive, although not significant correlation (R 2 5 0.13, P 5 0.09). We calculated isolation by distance for individuals from the Sierra Nevada to investigate whether individuals within this ecoregion exhibited an underlying isolation by distance pattern and to help discern between K 5 3 or K 5 4. A slight positive correlation (R 2 5 0.19) was found to be significant (P 5 0.0009), suggesting a slight isolation by distance effect. Analysis of spatial autocorrelation found that genetic structure occurs in the distance classes between 300 and 700 km (P . 0.003; Fig. 4) .
Individuals from the Central Coast and southern Sierra Nevada were genetically assigned to reference populations (Table 3 ) in all 34 cases except for 5 individuals. Four individuals assigned to a population with probabilities ,60%: 3 of these individuals assigned to their population of sampling origin and 1 individual (CC2) assigned to a population that was different from its sampling origin. The 5th individual was sampled in southern California but had a high assignment to the North Coast/Klamath cluster.
DISCUSSION
Nuclear microsatellite analysis revealed a pattern of population genetic differentiation in black bears in California delimited both across and within biogeographic provinces. Black bears within the Sierra Nevada, a 650-km-long narrow strip of mountains extending north-south in California, are reproductively differentiated into at least 2 and possibly 3 genetic clusters. This finding illustrates a pattern of reproductive isolation, despite the capacity of this mobile species to travel large distances. Most remarkable is the genetic signature of a 75-year-old southern California translocation of black bears originating from Yosemite National Park in the central Sierra Nevada. This genetic analysis represents the 1st evidence of successful introduction and expansion of a translocated bear population in California. Genetic diversity (average heterozygosity, allelic diversity, and polymorphism of microsatellite markers) of our study groups was comparable to those of other populations of black bears in North America (Clarke et al. 2001; Paetkau et al. 1998; Paetkau and Strobeck 1994) .
Population differentiation.-Examination of our data indicates either 3 or 4 genetic clusters (''populations'') that appear geographically relevant. Population subdivision was supported by the STRUCTURE analysis and F ST , suggesting that each group is its own interbreeding population. For K 5 4 the population clusters are North Coast/Klamath, Cascade/northern Sierra Nevada, central Sierra Nevada/southern California, and southern Sierra Nevada/Central Coast (Fig. 3) . At K 5 3, population subdivision follows the same pattern; however, the Sierra Nevada was partitioned into 2 subgroups instead of 3. The subdivision between central Sierra Nevada and southern Sierra Nevada remained intact, suggesting it is biologically relevant. However, for K 5 3 the break between Cascades/ northern Sierra Nevada and central Sierra Nevada was lost (not shown). Interestingly, at both K 5 3 and K 5 4 we discovered a genetic signature of the translocation of black bears from the central Sierra Nevada to southern California in the 1930s, and support for a southern Sierra Nevada origin for black bears in the Central Coast region.
We found evidence that spatial scale influenced the relative importance of isolation by distance to genetic subdivision. Isolation by distance has been reported in bears and other large carnivores occupying wide geographic regions (Ernest et al. 2003; Onorato et al. 2004; Paetkau et al. 1997) . Other factors possibly interacting with isolation by distance in the Sierra Nevada to cause the observed genetic structure may include habitat imprinting and natal habitat bias (Sacks et al. 2004 ).
Areas of inhospitable habitat for black bears were correlated with reduced gene flow. Central Valley lowlands, agriculture, and urban development separate North Coast/Klamath from Sierra Nevada bear habitats as reflected by F ST measures. This effect may be caused by distance alone or in combination with the (inhospitable) habitat type. On an east to west axis, the Central Valley very likely acts as a barrier to the movement of black bears, based on very few sightings of bears in this area. Examination of our data suggests that the Central Coast was colonized by the southern Sierra Nevada population, by way of the Transverse Ranges. Other studies (Calsbeek et al. 2003; Hull et al. 2008 ) have shown that a common pattern of genetic distinction in other animal groups occurs in relation to the geographic features of California's mountains: north-south differentiation defined by the Transverse Ranges, and eastwest differentiation delimited by the Sierra Nevada and Coast Ranges. Black bears in California deviate from this pattern, at least in part due to recent population expansion from the Sierra Nevada. Studies of mitochondrial DNA also have uncovered genetic discontinuities along the Sierra Nevada in other species (reptiles [Feldman and Spicer 2006] , amphibians [Vredenburg et al. 2007] , and spiders [Starrett and Hedin 2007] ). However, our microsatellite data likely reflect more recent population differentiation than mitochondrial differences and might be associated with habitat and climatic gradients as cryptic and semipermeable barriers.
Genetic evidence of translocation.-The genetic similarity we identified for black bears in the Sierra Nevada and southern California areas is presumably due to the translocation of bears from Yosemite National Park to several sites in the San Bernardino mountains in the 1930s (Burghduff 1935) . Twenty-eight black bears were removed from the valley floor in Yosemite National Park and released near Crystal Lake (n 5 11) in Los Angeles County, and Bear Lake (n 5 6) and Santa Ana Canyon (n 5 10) in San Bernardino County (Burghduff 1935) . Records suggest that the translocation took place as an early attempt to develop ecotourism in the region (Burghduff 1935) . Translocations of black bears for conservation and population augmentation were reportedly successful in Arkansas (Smith and Clark 1994) and Louisiana (Csiki et al. 2003) ; however, those populations remain fragmented and of conservation concern. Translocated populations typically show reduced levels of genetic diversity (Maudet et al. 2002; Vernesi et al. 2003) , and can quickly differentiate from their source population due to founder effects and genetic drift (Larson et al. 2002; Polziehn et al. 2000) .
Examination of our data shows that the southern California translocation resulted in a reproductively successful and (Novick 1979; Stubblefield 1992; Moss 1972) . Heterozygosities and A r remain roughly equal in both source and translocated populations. Although 75 years (roughly 12 generations based on average generation time of 6 years- Onorato et al. 2004 ) is relatively short compared to evolutionary timescales, decreased heterozygosity and allelic diversity have been shown in some studies in as little as 50 years (Mock et al. 2004 ) and 100 years (Sigg 2006) .
Southern Sierra Nevada/Central Coast.-The ranges of black bears and grizzly bears overlapped historically in northern California, and in the Sierra Nevada (Storer and Tevis 1996) . Grizzly bears occupied coastal areas of California (northern, central, and southern), the Central Valley, and Sierra Nevada foothills, and once numbered around 10,000 individuals (Storer and Tevis 1996) . Grizzly bears likely excluded black bears where the former species was abundant (i.e., coast), and once the grizzly was extirpated (1922), black bears may have been competitively released and expanded their range; such evidence has been reported for black and grizzly bears elsewhere in North America (Veitch and Harrington 1996) . Examination of our data (Fig. 3) indicates that black bears in the Central Coast region are an extension of populations from the southern Sierra Nevada and Tehachapi Mountains, rather than from southern California. Natural colonization events may cause similar populationlevel effects as translocations, including genetic bottlenecks and low genetic diversity (Broders et al. 1999; Fabbri et al. 2007) . Heterozygosities for black bears in the Central Coast region were lower than for the source population in the southern Sierra Nevada; however, there was no significant difference between these 2 regions in A r . Because examination of our data indicated that this area was likely colonized from the southern Sierra Nevada, the functional integrity of the migration corridor through the Transverse and Tehachapi Ranges will control natural gene flow.
North Coast/Klamath.-This region has the highest density of black bears in California (0.4-1.0 individuals/km 2 -Kellyhouse 1977; Piekielek and Burton 1973) , and bears in this area are genetically distinct from those in southerly regions. Black bears from this area displayed the highest level of genetic diversity, perhaps a reflection of connectivity with large populations of black bears in the Pacific Northwest. There was a noticeable overlap with the Cascade/northern Sierra Nevada grouping in a habitat transition zone between mesic coniferous forests and the more arid regions of northeastern California (Modoc Plateau). The maintenance of such a genetic break in this region may be a consequence of natal habitat-biased dispersal, as reported for coyotes (Canis latrans) in California (Sacks et al. 2004) .
Cascade/northern Sierra Nevada.-High levels of genetic diversity and gene flow likely exist among Cascade/northern Sierra Nevada, North Coast/Klamath, and central Sierra Nevada populations, thus revealing a transition zone between these biogeographically disparate regions.
Management implications and conclusions.-Black bears in California show population substructure by geographic barriers and isolation by distance. Populations of black bears in this state are not all spatially discrete subunits, but likely experience migrations among contiguous habitats, and as shown in this study, the genetic signature of human-mediated translocation. Although black bears in the southern California and Central Coast regions are geographically isolated from larger source populations, these populations maintain levels of genetic diversity on par with other populations of bears in North America (Clarke et al. 2001; Paetkau et al. 1998; Paetkau and Strobeck 1994) . These areas will be especially important to monitor in the future. Habitats that function as migration corridors for black bears, such as the corridor through the Transverse and Tehachapi ranges, will need to be protected for the southern California and Central Coast populations to remain genetically viable. Future research on the genetics of black bears in California should be focused on identifying the levels of ongoing or potential gene flow between subpopulations in the Transverse Ranges and the Central Coast, and between the Central Coast and southern California areas.
